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A–P asymmetryIn the canonical Wnt pathway, signaling results in the stabilization and increased levels of β-catenin in
responding cells. β-catenin then enters the nucleus, functioning as a coactivator for the Wnt effector, TCF/LEF
protein. In the absence of Wnt signaling, TCF is complexed with corepressors, together repressing Wnt target
genes. In C. elegans, Wnt signaling speciﬁes the E blastomere to become the endoderm precursor. Activation of
endoderm genes in E requires not only an increase in β-catenin level, but a concomitant decrease in the
nuclear level of POP-1, the sole C. elegans TCF. A decrease in nuclear POP-1 levels requires Wnt-induced
phosphorylation of POP-1 and 14-3-3 protein-mediated nuclear export. Nuclear POP-1 levels remain high in
the sister cell of E, MS, where POP-1 represses the expression of endoderm genes. Here we express three
vertebrate TCF proteins (human TCF4, mouse LEF1 and Xenopus TCF3) in C. elegans embryos and compare
their localization, repression and activation functions to POP-1. All three TCFs are localized to the nucleus in
C. elegans embryos, but none undergoes Wnt-induced nuclear export. Although unable to undergo Wnt-
induced nuclear export, human TCF4, but not mouse LEF1 or Xenopus TCF3, can repress endoderm genes in
MS, in a manner very similar to POP-1. This repressive activity requires that human TCF4 recognizes speciﬁc
promoter sequences upstream of endoderm genes and interacts with C. elegans corepressors. Domain
swapping identiﬁed two regions of POP-1 that are sufﬁcient to confer nuclear asymmetry to human TCF4
when swapped with its corresponding domains. Despite undergoingWnt-induced nuclear export, the human
TCF4/POP-1 chimeric protein continues to function as a repressor for endoderm genes in E, a result we
attribute to the inability of hTCF4 to bind to C. elegans β-catenin. Our results reveal a higher degree of species
speciﬁcity among TCF proteins for coactivator interactions than for corepressor interactions, and uncover a
basic difference between how POP-1 and human TCF4 steady state nuclear levels are regulated.gy, UT Southwestern Medical
ax: +1 214 648 1209.
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Wnt signaling regulates diverse processes, including cell fate
decisions, cell shape changes, and proliferation (van Amerongen and
Nusse, 2009). Inappropriate regulation of pathways and/or unregulated
activation of target genes can have disastrous effects. Repression ofWnt
target genes in the absence ofWnt signal is as important as activation of
these same genes following signal (Brantjes et al., 2002). Similar to
several other major signaling pathways (Barolo and Posakony, 2002),
the Wnt signaling pathway utilizes the same signal-responsive
transcription factor to effect both repression in the absence of signal
and activation in the presence of signal.TCF/LEFs are sequence-speciﬁc DNA binding proteins that are the
downstream effectors in the Wnt signaling pathway (Arce et al.,
2006). They bind, by virtue of their HMG box, to Wnt responsive
elements (WREs) located upstream of Wnt target genes. However,
most TCF/LEFs do not have inherent transcriptional activating or
repressing activity, and regulate target gene expression following
interaction with transcriptional corepressors or coactivators. A Wnt
signal results in the stabilization of β-cateninwithin the receiving cell,
which, following translocation to the nucleus, then serves as a
coactivator for TCF/LEFs. In the absence of Wnt signal, β-catenin is
degraded in the cytoplasm, resulting in TCF associating with
ubiquitous corepressor(s) (e.g. Groucho/TLE family members), and
Wnt target genes being actively repressed (Bienz, 1998; Brantjes et al.,
2002; Cavallo et al., 1998; Roose et al., 1998).
Mammals and most vertebrates have four TCF protein family
members—TCF1, LEF1, TCF3, and TCF4 (Arce et al., 2006). On the
contrary, invertebrates suchasﬂies,wormsandhydrashavea single TCF
protein. All TCF proteins, however, contain three conserved features: an
N-terminal (the initial ~50 amino acids) β-catenin-binding domain, a
DNA-binding HMG box (~70 amino acids), and a nuclear localization
signal (NLS) immediately C-terminal of the HMG box (see Fig. 1). The
Fig. 2. Speciﬁcation of the endoderm precursor in C. elegans embryo. Schematic of the
P2-to-EMS signal (orange triangle), and the EMS lineage outcomes in wildtype versus
mutants. Dark blue: MS/mesoderm fate. Green: E/endoderm fate. Nuclear POP-1 levels
are diagrammed to the right: Red=high; Pink=low.
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β-catenin-binding domain and the HMG box, is less well conserved
(Arce et al., 2006). The name CDR derives from its role in transcriptional
regulation byTCF proteins through the recruitmentof corepressors such
as Groucho in certain situations, and transcriptional coactivators in
other situations. The amino acid sequence C-terminal to the NLS is the
most diverged amongTCF proteins, in both length and sequence, aswell
asbetweendifferent isoformsof the sameTCFprotein. A longC-terminal
tail (also called the E form, or ‘E’ tail) appears to be the ancestral form as
it is found in the single TCF protein present in Hydra, Drosophila, and
C. elegans. LEF1 has only a very short C-terminal tail (also called the B
form or ‘B’ tail). Two features found in some, but not all, TCF proteins
with E-tails are the C-clamp and the CtBP binding motifs. The C-clamp
(C-X12-C-X2-C-(K/R)5-C) functions as an auxiliary DNA binding domain,
providing additional sequence speciﬁcity to TCF proteins (Atcha et al.,
2007), whereas the CtBP domain (P[I/L]DL[S/R][S/C/K]) binds to the
corepressors CtBP (C-terminal Binding Protein), aiding repression
(Brannon et al., 1999).
POP-1 is the only TCF protein identiﬁed in C. elegans (Lin et al.,
1995). POP-1 exhibits all of the characteristic domains of TCF proteins,
albeit with low sequence identity, including a diverged ‘E’ tail
containing a C-clamp, but no identiﬁable CtBP binding motif(s). Like
other TCF proteins, POP-1 effects repression of Wnt target genes in the
absence of signal, and activation in the presence of signal (Maduro et al.,
2005a; Shetty et al., 2005).
During C. elegans embryogenesis, speciﬁcation of the single
precursor for the entire endoderm, the E blastomere, requires Wnt
signaling (Goldstein, 1992; Rocheleau et al., 1997; Thorpe et al., 1997). A
Wnt signal from blastomere P2 to its immediate neighbor EMS at the
4-cell embryo stage induces the posterior daughter of EMS, E, to become
the endodermprecursor (Fig. 2).Wnt signaling fromP2 induces a higher
level of SYS-1, oneof fourC. elegansβ-cateninproteins, in E (Huang et al.,
2007; Phillips et al., 2007). SYS-1, together with POP-1, activates the
endoderm-specifying genes end-1 and end-3 (Huang et al., 2007;
Maduro et al., 2005a; Zhu et al., 1997). POP-1 also complexes with
corepressors, Groucho/UNC-37 and HDAC/HDA-1, to repress end-1 and
end-3 in the anterior daughter of EMS, MS (Calvo et al., 2001). POP-1,
SYS-1, UNC-37, and HDA-1 are all ubiquitously expressed in the early
embryo. One key factor in determining whether POP-1 will repress or
activate endoderm genes is the ratio of SYS-1 to POP-1 levels in the
nucleus (Huang et al., 2007). Nuclear POP-1 levels are actively lowered
in E relative to MS in response to Wnt signal (referred to as POP-1
nuclear asymmetry orA–P asymmetry),whereas SYS-1 levels are higherFig. 1. Schematic representation of TCF/LEF proteins. Upper: Cartoon of a generic TCF
protein with pertinent domains marked. NLS=nuclear localization sequence;
CtBP=C-terminal binding protein binding sites. Lower: Schematic representations of
the four TCF/LEF proteins used in this report, depicted using the same domain symbols
as above.in E relative to MS (Huang et al., 2007; Lin et al., 1995). This reciprocal
asymmetry in POP-1 and SYS-1 levels following Wnt signal results in a
high nuclear SYS-1-to-POP-1 ratio in E, which we have shown to be
critical for the activation of endoderm genes (Huang et al., 2007).
POP-1 nuclear levels are determined by the net effect of active
nuclear localization, nuclear retention, and nuclear export. Nuclear
localization and retention of POP-1 in all blastomeres requires the NLS
sequence and the acetylation of three lysines (K184, 186, and 187)
immediately upstream of the HMG domain (Gay et al., 2003). POP-1
with K184, K186 and K187 changed to alanines is predominantly
cytoplasmic. Signaling from P2 promotes POP-1 nuclear export in the E
blastomere, and this is reiterated in all posterior cells of subsequent
divisions along the anterior–posterior axis. The P2 signal activates aMAP
kinase, LIT-1, which phosphorylates POP-1 onmultiple sites, promoting
its binding to PAR-5, a 14-3-3 protein, and CRM1-dependent nuclear
export (Lo et al., 2004; Rocheleau et al., 1999). A second β-catenin-like
protein,WRM-1, formsa complexwithLIT-1 and is required for all LIT-1-
dependent POP-1 phosphorylation (Lo et al., 2004; Rocheleau et al.,
1999). In the absence of the P2 signal, or in the case of POP-1 carrying
nonphosphorylatable mutations at the PAR-5-dependent export sites,
highnuclearPOP-1 levels in E repress theexpressionof endodermgenes,
resulting in the ablation of endoderm, a phenotype referred to as
‘gutless’ (Goldstein, 1992; Lo et al., 2004). In the absence of pop-1, the
expressionof endodermgenes ismaintained at a low, basal level, neither
actively activated nor repressed, and E still produces endoderm (Huang
et al., 2007; Lin et al., 1995).
C. elegans POP-1 is the only TCF protein that has been shown to
undergo nucleocytoplasmic redistribution upon Wnt signaling during
normal development (Lo et al., 2004). In human colon cancer cells, it has
been shown that an autocrine-actingWnt signal induces nuclear export
of a shortened dominant negative isoformof TCF, leaving full-length TCF
in the nucleus, resulting in aberrant activation of Wnt target genes
(Najdi et al., 2009). In this study, we expressed three vertebrate TCF
proteins, human TCF4, Xenopus TCF3 andmouse LEF1, and assayed their
subcellular localization and activities in C. elegans embryos. We show
that of the three vertebrate TCF proteins, only human TCF4 can
substitute for POP-1 in rescuing the MS defect in pop-1(zu189)mutant
embryos, an assay requiring the TCF protein to repress C. elegans Wnt
target genes in theWntnon-responsive cells. Noneof the vertebrate TCF
proteins exhibited asymmetric nuclear asymmetry between A–P sisters
in C. elegans embryos, suggesting that they lack cis regulatory elements
that are required for LIT-1 phosphorylation and/or recognition and
binding by the nuclear exportmachinery. Swapping analogous domains
of POP-1 into human TCF4 identiﬁed two regions of POP-1 that
conferred A–P asymmetry to hTCF4. Despite undergoing Wnt-induced
117S.M. Robertson et al. / Developmental Biology 355 (2011) 115–123nuclear export, the human TCF4/POP-1 chimeric protein continues to
function as a repressor, a result we show is due to an inability of human
TCF4 to bind to C. elegans β-catenin, SYS-1.
Materials and methods
Strains
N2 was used as the wild-type strain. Genetic markers used in this
study are: LGI, pop-1(zu189), dpy-5(e61), hT1(I;V); LGIII, unc-119
(ed3); LGIV, him-3(e1147). Transgenic strains utilized were generated
by injection into either unc-119(ed3) or unc-119(ed3);him-3(e1147)
(Table 1). All transgenes were maintained as extra-chromosomal
arrays in the following strains: Pmed-1gfp::mlef1 (pRL1002) in TX423
(teEx107), TX424(teEx108), and TX425(teEx109); Pmed-1gfp::xtcf3
(pRL1001) in TX428 (teEx112) and TX429(teEx113); Pmed-1gfp::htcf4
(pRL1034) in TX468(teEx138), TX469(teEx139), and TX470(teEx141);
Pmed-1gfp::htcf4/pop-1(II) (pRL1334) in TX613 (teEx240), TX614
(teEx241), and TX617(teEx244); Pmed-1gfp::htcf4/pop-1(II+V)
(pRL1409) in TX689(teEx279), TX712(teEx279), and TX714
(teEx280); Pmed-1gfp::POP-1/hTCF4(II) (pRL1333) in TX609(teEx236)
and TX610(teEx237).
Plasmid construction
All worm and mammalian expression plasmids used in this study
were generated using the Gateway cloning technology (Invitrogen) (Lo
et al., 2004; Robertson et al., 2004). The full-length coding sequences of
mLef1, xTcf3, and hTcf4 were PCR ampliﬁed with high-ﬁdelity Phusion
polymerase (NEB) and recombined into pDONR201 (Invitrogen) to form
the corresponding Gateway entry clones. These entry clones were then
recombined with the Pmed-1gfp destination vector pRL707 to create the
wormexpressionplasmids. Expressionplasmids generatingMyc-tagged
SYS-1 (isoform A, 811 aa), or FLAG-tagged POP-1 and hTCF4/POP-1
(II+V), were also cloned in a similar manner. All point mutations were
generated by site-directed mutagenesis (QuickChange, Stratagene). To
swap domains of POP-1 and hTCF4, we ﬁrst created an EcoRI site at
POP-1 aa 46–47, which changed leucine 47 to phenylalanine, and a PmlI
site at POP-1 aa 190–191 without changing any amino acid. We
conﬁrmed in vivo that these mutations did not result in any observable
defect for POP-1 localization or activity. The same restriction enzyme
siteswere generated at aa 53–54 and aa 326–327 of hTCF4, respectively.Table 1
Plasmids and strains used in this study.
Plasmid name GFP fusion protein Strain and allele names
pRL769 POP-1 TX300 (teIs3)
pRL2215 POP-1 Δ338–398 TX1169 (teEx565)
POP-1 Δ338–398 TX1170 (teEx566)
POP-1 Δ338–398 TX1171 (teEx567)
pRL2199 POP-1 Δ286–398 TX1167 (teEx563)
POP-1 Δ286–398 TX1168 (teEx564)
pRL1333 POP-1/hTCF4(II) TX609 (teEx236)
POP-1/hTCF4(II) TX610 (teEx237)
pRL1334 hTCF4/POP-1(II) TX613 (teEx240)
hTCF4/POP-1(II) TX614 (teEx241)
hTCF4/POP-1(II) TX617 (teEx244)
pRL1409 hTCF4/POP-1(II+V) TX689 (teEx272)
hTCF4/POP-1(II+V) TX712 (teEx279)
hTCF4/POP-1(II+V) TX714 (teEx280)
pRL1001 xTCF3 TX428 (teEx112)
xTCF3 TX429 (teEx113)
pRL1002 mLEF1 TX423 (teEx107)
mLEF1 TX424 (teEx108)
mLEF1 TX425 (teEx109)
pRL1034 hTCF4 TX468 (teEx138)
hTCF4 TX469 (teEx139)
hTCF4 TX470 (teEx141)We then replaced the EcoRI–PmlI region of hTCF4 with the EcoRI–PmlI
fragment of POP-1, and vice versa. The resultant chimeric proteins were
namedhTCF4/POP-1(II), inwhichaa54–327of hTCF4was replacedwith
aa 47–191 of POP-1, and POP-1/hTCF4 (II), in which aa 47–191 of POP-1
was replacedwith aa 54–327of hTCF4. The region encoding theﬁrst 334
amino acids of hTCF4/POP-1(II), which excludes sequence C-terminal to
the C-clamp, was then PCR ampliﬁed with a FspI restriction site created
at the 3′ end. A PCR fragment encoding POP-1 aa 314–437 was then
cloned into this FspI site, generating pRL1407, which encodes hTCF4/
POP-1(II+V). Details of cloning are available upon request.
Assay for POP-1 repressor activity
Various Pmed-1gfp::tcf transgenes were introduced into pop-1
(zu189)mutant embryos bymating the males carrying the transgenes
with hermaphrodites homozygous for the pop-1(zu189) mutation at
20 °C for 24 h (Gay et al., 2003). Embryos were then collected onto 2%
agar pads, checked for the presence of GFP using ﬂuorescence
microscopy, and allowed to develop at 15 °C for 16 h. Embryos were
then assayed with differential interference contrast (DIC) optics for
the production of posterior pharynx and scored as rescued if they
produced wild-type amount of posterior pharyngeal tissues. The
formation of intestine was assayed using DIC and polarizing optics,
which identiﬁes birefringent gut granules.
Analysis of embryos and imaging
Imagingof liveembryoswasperformedusinganAxioplanmicroscope
(Zeiss) equipped with epiﬂuorescence, polarizing, and DIC optics, and a
MicroMax-512EBFT CCD camera (Princeton Instruments) controlled by
the Metamorph acquisition software (Molecular Devices) (Huang et al.,
2007). Intestinal cells were identiﬁed by their birefringent gut-speciﬁc
granules under polarizing optics.
RNA interference
wrm-1(RNAi)was performed as described (Timmons and Fire, 1998)
using HT115 bacteria seeded on NGM plates containing 1 mM IPTG. L1
larvae were fed for 2 days at 25 °C or 3 days at 20 °C. Embryos laid from
48–60 h after feeding were collected and either allowed to develop for a
further 12 h, aperiod longenough forwild-type control embryos tohatch,
or processed for imaging. wrm-1(RNAi) resulted in 100% dead embryos.
Co-immunoprecipitation
HeLa cells were co-transfected with the plasmid expressing c-Myc-
tagged SYS-1, and a plasmid expressing either FLAG-tagged POP-1 or
FLAG-tagged hTCF4/POP-1(II+V). Lysates were prepared 24 h post-
transfection (lysis buffer: 50 mM HEPES, pH 7.4, 250 mM NaCl, 1 mM
EDTA, 1% NP-40) and immunoprecipitationswere done in lysis buffer at
4 °C for 2–3 h with either anti-c-Myc agarose beads (Santa Cruz
Biotech), or with anti-POP-1 (94I, rabbit polyclonal) antibody. Western
blots (anti-94I (1:1000) (Lin et al., 1998) or anti-FLAG (mouse
monoclonal M2, Sigma; 1:1000) antibodies) were performed to assay
proteins co-immunoprecipitated with anti-c-Myc (SYS-1) beads.
Conversely, proteins co-immunoprecipitated with anti-94I were
assayed by Western blot analyses using anti-Myc antibody (mouse
monoclonal 9E10, Santa Cruz Biotech; 1:1000).
Results
Heterologous vertebrate TCF proteins do not undergo Wnt/MAP kinase
mediated nuclear export in C. elegans embryos
We expressed three vertebrate TCF proteins, individually, in
C. elegans embryos under the control of the med-1 promoter, which
Table 2
In vivo activity of various transgenic POP-1 and chimeric proteinsa.
Strains A–P
asymmetryb
Rescue
MS fatec
Ablate gut
in WTd
Ablate gut
in zu189d
POP-1 TX300 Yes (nN300) 100 (130) 0 (120) 0 (130)
POP-1 Δ 338–398 TX1169 Yes (nN50) 30 (20) nd 0 (20)
TX1170 Yes (nN50) 4 (26) nd 0 (26)
TX1171 Yes (nN50) 33 (54) 0 (20) 0 (54)
POP-1 Δ 286–398 TX1167 Yes (nN50) 0 (38) nd 0 (38)
TX1168 Yes (nN50) 2 (57) 0 (20) 0 (57)
hTCF4 TX468e No (nN100) 9 (22) 0 (50) nd
TX469 No (nN100) 75 (32) 0 (50) 19 (32)
TX470 No (nN100) 68 (19) 0 (50) 47 (19)
xTCF3 TX428 No (nN50) 0 (43) 0 (50) 0 (43)
TX429 No (nN50) 1 (63) 0 (50) 0 (63)
mLEF1 TX423 No (nN50) 0 (27) 0 (50) 0 (27)
TX424 No (nN50) 0 (35) 0 (50) 0 (35)
TX425 No (nN50) 0 (28) 0 (50) 0 (28)
hTCF4/POP-1(II) TX614 No (nN50) 100 (60) 0 (50) 50 (60)
hTCF4/POP-1
(II+V)
TX712 Yes (nN50) 100 (17) 0 (50) 88 (17)
POP-1/hTCF4(II) TX610 Cytoplasmic 0 (11) 0 (50) 0 (11)
a Numbers indicate percentage of embryos. Number of embryos scored inside
parentheses.
b Nuclear GFP levels between MS/E, MSa/MSp, and Ea/Ep.
c MS fate was assayed by the presence of pharyngeal tissues with DIC images.
d Gut was assayed by DIC images and birefringency. A lack of birefringency is scored
as gut ablated.
e A low expressing line.
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human TCF4 (hTCF4, also known as TCF7L2 by HUGO nomenclature),
XenopusTCF3 (xTCF3) andmouse LEF1 (mLEF1) (Fig. 1). BothxTCF3and
hTCF4 expressed in this studywere the isoformswhich contain anE-tail.
Wildtype GFP::POP-1 expressed from themed-1 promoter recapitulates
the POP-1 nuclear asymmetric pattern observedwithin the EMS lineage
with POP-1 antibody staining (Fig. 3A) (Maduro et al., 2002). That is,
GFP::POP-1 ﬂuorescence levels are higher in theMS nucleus than in the
E nucleus, and this A–P asymmetry is reiterated following A–P divisions
within the EMS lineage. In addition, when expressed in pop-1(zu189)
mutant embryos, GFP::POP-1 rescues the MS defects (100%, n=130,
Table 2) (Gay et al., 2003; Huang et al., 2007;Maduro et al., 2002; Shetty
et al., 2005).
We ﬁrst asked whether any of the three vertebrate TCF proteins
exhibits A–P nuclear asymmetry in C. elegans embryos, and second,
whether any of them is capable of rescuing the MS defect in pop-1
(zu189) embryos. The ﬁrst assay determines whether the vertebrate
TCF proteins can respond to Wnt/MAP kinase signaling and undergo
nuclear export speciﬁcally in the posterior daughter following cell
division along the A–P axis. The second assay determines whether the
TCF proteins are capable of repressing the expression of endoderm
genes in the MS blastomere, a property that we have shown previously
to be independent of their ability to respond to Wnt/MAP kinase
signaling (Lo et al., 2004).
These three vertebrate TCF proteins were expressed as GFP fusion
proteins speciﬁcally in the EMS lineage. We examined three indepen-
dent lines expressingGFP::mLEF1, two lines expressingGFP::xTCF3, andFig. 3. Expression of TCF proteins in the early C. elegans embryo. Fluorescence micrographs of embryos expressing POP-1, hTCF4, xTCF3, mLEF-1 (A), or POP-1/hTCF4 chimeric
proteins (B), speciﬁcally in the EMS lineage. Each GFP fusion protein is shown at two embryonic stages: 8-cell (MS+E) and 16-cell (MSa and MSp, Ea and Ep). All embryos
oriented with anterior to the left. A–P sisters expressing GFP are joined by a white line. Third column from the left in (B) depicts embryos derived from hTCF4/POP-1(II+V)
expressing worms depleted of wrm-1 by RNAi. The nucleus indicated by an asterisk in (A), right column, is out of the focal plan. Bar:10 μm.
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proteins exhibited ﬂuorescence levels comparable to that observed for
GFP::POP-1, and in all three cases this ﬂuorescence was predominantly
nuclear in C. elegans embryos (Fig. 3A). However, in contrast to GFP::
POP-1, none of the three vertebrate GFP::TCF proteins exhibited
asymmetric nuclear ﬂuorescence levels between MS and E, or between
subsequent A–P sister pairs (Fig. 3A). These results suggest that all three
vertebrate TCF proteins contain sufﬁcient nuclear localization and
retention sequences that enable them to localize primarily in the
nucleus in C. elegans embryos. However, all three vertebrate TCFs
apparently lack cis-regulatory elements required either to respond to
theWnt/MAPK signal, and/or to interact with the 14-3-3/PAR-5 protein
in C. elegans embryos.
hTCF4, but not mLEF1 or xTCF3, can repress endoderm genes in C.
elegans embryos
We then asked whether any of these three TCF proteins can
repress endoderm-specifying genes in either the MS or E blastomere.
Three independent lines expressing GFP::hTCF4 in pop-1(zu189)Fig. 4. Rescue of the MS defect in pop-1(zu189) embryos. Paired DIC and gut granule birefrin
TCF protein in the EMS lineage. White dashed outline: pharynx. Arrowheads point to the
expression. (C and D) POP-1. (E and F) POP-1Δ286–398. (G and H) POP-1Δ338–398. (I and J)
1(II+V). (U and V) POP-1/hTCF4(II). Many embryos expressing hTCF4, hTCF4/POP-1(II), or h
Examples shown in (O–T) are embryos with endoderm ablated. Bar:10 μm.embryos were tested, and all showed MS-fate rescuing activity—that
is, the presence of posterior pharynx [TX468: 9%, n=22; TX469: 75%,
n=32; and TX470: 68%, n=19] (Table 2 and Figs. 4M–P). This result
suggests that although hTCF4 does not undergo Wnt/MAPK mediated
nuclear export, it can nonetheless bind to the promoter of endoderm
genes and, presumably via recruitment of C. elegans corepressor(s),
repress transcription in vivo. Some pop-1(zu189) embryos expressing
hTCF4 also exhibited defects in E-derived endoderm. Nineteen
percent (TX469, n=32) and 47% (TX470, n=19) of the pop-1
(zu189) embryos expressing GFP::hTCF4 had E-derived endoderm
ablated (i.e. were gutless), in addition to having MS-derived
mesodermal fate rescued (Figs. 4O and P; Table 2). This is likely due
to the combined effects of hTCF4 being able to repress endoderm
genes, as well as failing to undergo Wnt/MAPK-mediated nuclear
export in E. We have shown previously that expression of a POP-1
variant that is unable to undergo Wnt/MAP kinase-mediated nuclear
export in E, but is otherwise wildtype, also resulted in E-derived
endoderm ablation in pop-1(zu189) embryos (Lo et al., 2004).
In stark contrast to the results obtained with hTCF4, we observed
no MS fate rescue or ablation of E-derived endoderm when eithergence images of late-stage pop-1(zu189) embryos expressing the indicated GFP-tagged
grinder, which is produced by the MS blastomere. (A and B) No transgenic protein
xTCF3. (K and L)mLEF1. (M-P) hTCF4. (Q and R) hTCF4/POP-1(II). (S and T) hTCF4/POP-
TCF4/POP-1(II+V), have endoderm ablated, in addition to having the MS fate rescued.
120 S.M. Robertson et al. / Developmental Biology 355 (2011) 115–123xTCF3 or mLEF-1 was expressed in pop-1(zu189) embryos (Figs. 4I–L;
Table 2). We assayed three transgenic lines expressing GFP::mLEF1
(TX423, n=27; TX424, n=35; and TX425, n=28) and two lines
expressing GFP::xTCF3 (TX428, n=43; and TX429, n=63), and
obtained no rescue with any of these transgenes (0% for all; Table 2).
The nuclear ﬂuorescence levels for GFP::mLEF1 and GFP::xTCF3 in all
lines that failed to rescue the MS defect in pop-1(zu189) were either
higher or equal to the two lines expressing GFP::hTCF4 that did
rescue. The GFP::TCF levels in MS and E of all lines tested here were
higher or at least equal to that of endogenous POP-1 (data not shown).
The ‘E’ tail of POP-1 is required to repress Wnt target genes in the
MS blastomere
The difference in the ability of these three vertebrate TCF proteins
to repress endoderm genes is very interesting because they have
virtually identical HMG domains (there is only one highly conservative
amino acid difference between hTCF4 and mLEF1, for example), and
they have all been shown to regulate Wnt reporter genes containing
WREs. In addition, hTCF4 and xTCF3 share a very high degree of amino
acid identity in both the β-catenin binding domain (85% identity), as
well as the context-dependent regulatory domain (CDR—see Fig. 1;
65% identity). Therefore, sequence C-terminal to the HMG domain
probably accounts for the differing abilities of the three TCF proteins to
rescue the MS defect in pop-1(zu189) embryos. The amino acid
sequence C-terminal to the HMG domain is the most diverged among
TCF family members, as well as between different isoforms deriving
from the same TCF gene. mLEF1 has a very short C-terminal tail (B
form) whereas the isoforms of xTCF3 and hTCF4, as well as POP-1, all
have a long C-terminal tail (E form, Fig. 1).
The ‘E’ tail of POP-1 is required for POP-1 to repress endoderm fate.
POP-1 Δ286–398, which deletes most of the sequence C-terminal to
the HMG domain, failed to rescue the MS defects of pop-1(zu189)
embryos (1%, n=95), despite exhibiting proper A–P nuclear
asymmetry (Figs. 4E and F, 5, and Table 2). The ‘E’ tail of hTCF4 is
more similar to that of xTCF3 (34% identity) than to the POP-1 ‘E’ tail
(24% identity). One domain, however, that both POP-1 and hTCF4
share, and xTCF and mLEF1 both lack, is a C-clamp (-Cys-X12-Cys-X2-
Cys-X5-Cys-) immediately C-terminal to the HMG box (Figs. 1 and 6).
POP-1 Δ338–398, which does not delete the C-clamp, can rescue the
MS defect in 33% (n=54) of pop-1(zu189)mutant embryos (TX1171)Fig. 5.Mutant and chimeric TCF proteins.Wildtype andmutant/chimeric TCF proteins diagramm
basedupondomainarchitecture (see Fig. 1), is depictedby theRomannumerals I–V. The results o
are presented to the right of each TCF construct. Red: POP-1; blue: hTCF4; monochrome: xTCF3(Figs. 4G and H, 5, and Table 2). These results suggest that the HMG
box of POP-1 is not sufﬁcient on its own for repression of endoderm
genes in vivo. Recognition and/or effective binding of endoderm gene
promoter elements in C. elegans embryos likely requires additional
DNA sequence binding by the C-clamp, in addition to WRE sequence
binding by the HMG box of POP-1.
Two separate domains of POP-1, when swapped, confer A–P nuclear
asymmetry to hTCF4 in C. elegans embryos
Domain swaps between POP-1 and hTCF4 were used to determine
which domain(s) of POP-1 could confer A–P nuclear asymmetry to
hTCF4. For easier reference, we divide the POP-1/TCF sequences into
ﬁve subregions (I, the N-terminal β-catenin-binding domain; II, the
sequence between region I and the HMG domain; III, the HMGdomain
and NLS; IV, primarily the C-clamp; and V, sequence C-terminal to the
C-clamp; Fig. 5). We have previously identiﬁed four serines (S106,
S108, S117 and S126) and a threonine (T119) in region II of POP-1
whose phosphorylation by the LIT-1/WRM-1 kinase is essential for
binding by the 14-3-3/PAR-5 protein and nuclear export in Wnt-
responsive cells (Lo et al., 2004). Antibodies speciﬁc for phospho-S117
and phospho-S126 conﬁrmed that these two residues are indeed
phosphorylated in vivo (antibodies speciﬁc for phosphorylation at the
other three residues were not available). Changing S117, T119, S126,
and either S106 or S108 to alanines, or deleting amino acids 86–130,
abolished Wnt/MAPK-mediated POP-1 nuclear export and therefore
abolished A–P nuclear asymmetry. Because of the low amino acid
sequence identity between POP-1 and hTCF4 in region II, we have
been unable to identify analogous residues in hTCF4 corresponding to
these serines and threonine in POP-1. Therefore, we replaced the
entire region II of hTCF4 (aa 54–327) with region II (aa 47–191) of
POP-1. The resulting chimeric protein, hTCF4/POP-1(II) (Fig. 5), did
not exhibit nuclear A–P asymmetry when expressed in C. elegans
embryos (Fig. 3B). This is despite the fact that the ﬁve phosphory-
lation sites required for POP-1 nuclear export are present in hTCF4/
POP-1(II). This result suggests that whereas region II is necessary for
POP-1 asymmetry, it is not sufﬁcient to confer A–P nuclear asymmetry
to hTCF4.
hTCF4/POP-1(II) repressedendodermbetter thanhTCF4 inour rescue
assays. hTCF4/POP-1(II) rescued the MS defect in 100% of pop-1(zu189)
embryos examined (n=60), and repressed E-derived endoderm in 50%ed to scale (amino acid length scale at top). The division of the proteins into 5 sub-regions,
f two functional assays, theability to repress endodermgenes, andA–P nuclear asymmetry,
and mLEF1. cyto=cytoplasmic localization.
Fig. 6. TCF domains: NLS and C-clamp. Amino acid sequence alignment of POP-1, hTCF4, xTCF3 and mLEF1 immediately C-terminal to the HMG box. The lysine (K)- and arginine (R)-rich
nuclear localization signal (NLS) and C-clamp are boxed in yellow. Residue colors: red=identical residues; blue=conserved residues.
Fig. 7. The chimeric protein hTCF4/POP-1(II+V) does not interact with C. elegans SYS-
1. Co-immunoprecipitation of SYS-1 and either POP-1 or hTCF4/POP-1(II+V) following
expression in HeLa cells. IP: antibody used for immunoprecipitation. IB: antibody used
for Western blot. SYS-1 is N-terminally tagged with Myc whereas POP-1 and hTCF4/
POP-1(II+V) are N-terminally tagged with FLAG.
121S.M. Robertson et al. / Developmental Biology 355 (2011) 115–123of pop-1(zu189) embryos (n=60) (Table 2 and Figs. 4Q and R). This
result suggests that although hTCF4 can interact with C. elegans
corepressors in vivo, it does so less efﬁciently than POP-1. hTCF4/POP-1
(II) exhibits a similar ability to repress endoderm as is observed with
wildtype POP-1.
During the course of identifying POP-1 sequences able to confer A–P
nuclear asymmetry to hTCF4, we replaced region V of hTCF4/POP-1(II)
with regionV(aa314–437) of POP-1. This chimericprotein, hTCF4/POP-1
(II+V) (Fig. 5), when expressed in C. elegans embryos, rescued the MS
fate defect in pop-1(zu189) mutant embryos (100%, n=17, Table 2,
Figs. 4S and T), similar to hTCF4/POP-1(II). Furthermore, hTCF4/POP-1
(II+V) exhibited asymmetric nuclearGFP levels betweenMSandE,with
lower levels in E (Fig. 3B). Indeed, following subsequent A–P divisions,
hTCF4/POP-1(II+V) consistently exhibited lower levels in all posterior
cells. This result indicates that regions II and V of POP-1 contain all the
information required for hTCF4 to exhibit reiterative A–P nuclear
asymmetry in C. elegans embryos.
A–P asymmetry of hTCF4/POP-1(II+V) is WRM-1-dependent
To determine whether the A–P nuclear asymmetry observed with
hTCF4/POP-1(II+V) was a result of Wnt/MAPK-mediated nuclear
export in vivo, we tested whether the asymmetry required WRM-1
activity. Upon wrm-1(RNAi), both GFP::POP-1 and endogenous POP-1
are detected at an equal level in nuclei between all A–P sisters (Maduro
et al., 2002; Rocheleau et al., 1997). We performed wrm-1(RNAi) in a
transgenic strain expressing hTCF4/POP-1(II+V) and imaged GFP
ﬂuorescence in the RNAi embryos. Similar to GFP::POP-1, the A–P
asymmetric pattern of GFP::hTCF4/POP-1(II+V) ﬂuorescence was
abolished in wrm-1(RNAi) embryos (Fig. 3B). The requirement of
WRM-1 for A–P asymmetry suggests that GFP::hTCF4/POP-1(II+V)
responds to the Wnt/MAPK signal in the E blastomere by undergoing
nuclear export following LIT-1 phosphorylation.
hTCF4/POP-1(II+V) does not activate C. elegans endoderm genes
The ability of GFP::hTCF4/POP-1(II+V) to fully rescue the MS
defect in pop-1(zu189) embryos indicates that the chimeric protein
can bind to the promoter sequence of endoderm genes and repress
these endoderm genes in the MS blastomere. However, despite its
levels being lowered in the E nucleus, GFP::hTCF4/POP-1(II+V)
ablated E-derived endoderm in pop-1(zu189) embryos (88% n=17,
Figs. 4S and T). This result indicates that lowered nuclear levels are not
sufﬁcient for GFP::hTCF4/POP-1(II+V) to be converted to an activator
in the E blastomere. To function as an activator of endoderm genes in
the E nucleus, POP-1 not only has to be present at low levels, but also
must bind, via its N-terminal β-catenin-binding domain, to its
coactivator SYS-1 (Huang et al., 2007; Shetty et al., 2005). We
performed co-immunoprecipitation (co-IP) experiments to determine
whether hTCF4/POP-1(II+V) is able to interact with C. elegans SYS-1. A
plasmid expressing Myc-tagged SYS-1 was co-transfected, along with a
plasmid expressing either FLAG-taggedwildtype POP-1 or FLAG-tagged
hTCF4/POP-1(II+V), into HeLa cells. Upon immunoprecipitation with
anti-Myc agarose beads, the co-IP products were subjected to Western
blot analyses using a POP-1 polyclonal antibody, 94I, which recognizes
the entire length of POP-1 except the HMG domain (Lin et al., 1995).
Because hTCF4/POP-1(II+V) has only a subset of POP-1 sequence, wealso assay the pull down product using the anti-FLAG antibody. Both
antibodies show that POP-1 was co-immunoprecipitated with SYS-1,
but the chimeric proteinwas not (Fig. 7).We also performed a converse
experiment in which we immunoprecipitated POP-1 and hTCF4/POP-1
(II+V) using 94I and assayed SYS-1 using the anti-Myc antibody.
Similarly, SYS-1 was co-immunoprecipitated only with POP-1 but not
hTCF4/POP-1(II+V). We conclude that the N-terminal β-catenin-
binding domain of hTCF4 does not bind (or does not bind well) to
C. elegans SYS-1, a likely explanation for hTCF4/POP-1(II+V) being a
constitutive repressor of endoderm genes.
POP-1/hTCF4(II) is predominantly cytoplasmic in C. elegans embryos
mLEF1, xTCF3, and hTCF4 all have a conserved NLS immediately
downstream of their respective HMG boxes, which is required for
their nuclear localization in mammalian tissue culture cells. In
addition, they are all localized primarily in the nucleus when
expressed in C. elegans embryos, suggesting that they contain cis
regulatory sequences needed for entry and retention in the nucleus. It
is somewhat surprising, therefore, that a chimeric protein where
region II of POP-1 is replaced with region II of hTCF4, POP-1/hTCF4(II),
is almost exclusively cytoplasmic in C. elegans embryos (Figs. 3B, 5).
Region II of POP-1 contains the three lysines (K184, 186, and 187) that
we showed previously need to be acetylated for nuclear localization/
retention of POP-1. This result indicates that region II of hTCF4 does
not contain a functionally equivalent nuclear retention sequence
needed to retain POP-1/hTCF4(II) in the nucleus. Because hTCF4 is
predominantly nuclear in C. elegans embryos, this result also suggests
that nuclear retention does not play a big role in the steady state
nuclear level of hTCF4 in C. elegans, implying an underlying difference
between how POP-1 and hTCF4 steady state nuclear levels are
regulated (see Discussion).
Discussion
In this study, we expressed three vertebrate TCF proteins in
C. elegans embryos and assayed their ability to undergo Wnt/MAPK
signal-induced nuclear export, as well as their ability to repress
endoderm fate in the MS blastomere. We showed that of the three
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the MS blastomere. We attribute this difference to the small region of
homology downstream of the HMG domain between POP-1 and
hTCF4, the C-clamp domain, which is not shared by xTCF3 or mLEF-1.
We show that none of the three vertebrate TCF proteins expressed in
C. elegans embryos exhibited A–P nuclear asymmetry. This result
suggests that, either these vertebrate proteins are unable to respond
to the Wnt/MAPK signal, or they do not interact with the nuclear
export machinery in C. elegans embryos. By domain swapping, we
identiﬁed two domains of POP-1 sufﬁcient to confer Wnt/MAPK-
induced A–P asymmetry to hTCF4.Repression of endoderm genes
Our observation that hTCF4 can repress endodermal fate (and
promotemesodermal fate) in theMS blastomere supports the following
two conclusions. First, the DNA-binding HMG box of POP-1 and hTCF4
are interchangeable. Second, the corepressor-binding domain of hTCF4
can interact with corepressor(s) in C. elegans, albeit with less efﬁciency
than POP-1. Whereas hTCF4 rescues the MS fate defect in only≤75% of
pop-1(zu189) embryos, hTCF4/POP-1(II), a chimeric protein containing
the putative Groucho binding domain of POP-1 has anMS-fate rescuing
activity (100%) comparable to wild-type POP-1 protein.
The failure to rescue the MS defects in pop-1(zu189) embryos with
mLEF1 or xTCF3 delineates more narrowly key features regulating the
repression of endoderm genes in C. elegans. When comparing their
CDR and HMG box domains, both mLEF1 and xTCF3 proteins share a
higher degree of similarity to hTCF4 than does POP-1. Therefore, the
inability of xTCF3 or mLEF1 to repress the endoderm fate is unlikely to
be due to an inability to recognize theWRE upstream of the endoderm
genes or to interact with C. elegans corepressors. A canonical WRE,
CTTTGAAC, has been shown to be responsible for the repression of the
endoderm gene, end-1, in MS and its activation in E (Maduro et al.,
2005b; Shetty et al., 2005).
The key to the ability of hTCF4 to rescue the MS defect in pop-1
(zu189) embryos would appear to be its C-clamp, immediately
C-terminal to the HMG domain. This motif is shared with POP-1, but
is absent in xTCF3 and mLEF-1. In fact, the C-clamp is the only
discernible region of similarity between the C-tails of POP-1 and
hTCF4. POP-1 deleted of most of its sequence C-terminal to the HMG
box, including the C-clamp, has no endoderm repressing activity,
whereas POP-1 with a C-terminal deletion that leaves the C-clamp
intact does repress. The C-clamp has been shown to function as an
auxiliary DNA-binding domain for vertebrate TCF proteins (Atcha
et al., 2007). Human TCF4 isoform E and LEF1 isoform B exhibit
differences in their ability to regulate the promoter of two Wnt
responsive genes, Cdx-1 and Siamois, in tissue culture cells. Only
hTCF4E activated these genes, and this activation depended strictly
upon the C-clamp of hTCF4E. The C-clamp of hTCF4E binds to a
sequence, RCCG, C-terminal to the classic WRE, and is believed to
provide additional speciﬁcity for TCF proteins with an ‘E’ tail toward
speciﬁc sets of target genes. In ﬂies, the C-clamp has been shown to
bind directly to a similar sequence, GCCGCCR (also known as Helper
sites), adjacent to the classicWRE (Chang et al., 2008). Mutation of the
Helper sites on a reporter resulted in the abolishment of expression
similar to mutations of the classic WRE site. It is possible that
repression of C. elegans endoderm genes in the MS blastomere
requires bipartite recognition of the classic TCF site and an adjacent
GC rich sequence analogous to the binding of extended WREs by
Drosophila Pangolin and human TCF4. This possibility is currently
under investigation through mutational analyses of candidate GC-rich
sequences adjacent to the WRE in the end-1 promoter.
hTCF4 also contains, near the C-terminus, two binding sites for the
transcriptional corepressor CtBP (Brannon et al., 1999; Valenta et al.,
2003). However, these two CtBP binding sites are unlikely to play arole in the endoderm repressive activity of hTCF4 as they are also
found in xTCF3, but are absent in POP-1 (Brannon et al., 1999).
Activation of endoderm genes by hTCF4/POP-1(II+V)
In addition to being able to bind and repress endoderm genes, our
data show that GFP::hTCF4/POP-1(II+V) chimeric protein undergoes
Wnt/MAPK-mediated nuclear export in the E blastomere. However,
despite this Wnt/MAPK induced nuclear export, and the resulting
lowered protein levels in E, GFP::hTCF4/POP-1(II+V) still represses
endoderm genes in the E blastomere. This result says that GFP::hTCF4/
POP-1(II+V) cannot be converted from a repressor to an activator
upon Wnt/MAPK signaling in E. The robust repression activity
strongly supports the fusion protein having been properly folded in
vivo. Our data suggest that the reason GFP::hTCF4/POP-1(II+V)
cannot activate endoderm genes in E is that it is unable to bind to the
C. elegans coactivator, SYS-1. SYS-1 is a highly diverged β-catenin at
the amino acid sequence. Although structural studies demonstrate
that SYS-1 is a bona-ﬁde β-catenin, they also reveal several diverged
features (Liu et al., 2008). Certain salt bridges are only found between
POP-1 and SYS-1 but are absent between TCF and β-catenin, and vice
versa (Liu et al., 2008). It seems likely, therefore, that the N-termini of
POP-1 and hTCF4 have both been optimized for interaction with their
respective β-catenin coactivator. The fact that hTCF4 can bind to
C. elegans corepressors but is unable to bind to the C. elegans
coactivator suggests a higher degree of species speciﬁcity for
coactivator interactions than for corepressor interactions.
Different regulation for steady state level of POP-1 and hTCF4
Our previous ﬁndings suggested that, in addition to the Wnt/MAP
kinase-induced nuclear export in posterior cells following A–P
divisions, POP-1 is subjected to active nuclear export in all cells
(Gay et al., 2003). Both signal-dependent and signal-independent
nuclear export are mediated, directly or indirectly, by CRM1/exportin.
POP-1 protein lacking the NLS or K184/186/187 is primarily
cytoplasmic. However, the small amount of POP-1 with K184/186/
187 all mutated to A that does remain in the nucleus is asymmetric
between A–P sisters. Acetylation of K184/186/187 by P300 is likely to
serve as a mechanism that counters active export of POP-1 and favors
nuclear retention (Gay et al., 2003). All three vertebrate TCF proteins
show clear nuclear localization in C. elegans embryos, as they do in
mammalian tissue culture cells, suggesting that they all contain a
functional NLS capable of directing nuclear localization in C. elegans.
The dramatic difference observed for POP-1/hTCF4(II), which is
overwhelmingly cytoplasmic, suggests that region II of hTCF4 does
not contain sequences functionally equivalent to K184/186/187 that
can counter the Wnt/MAP-independent nuclear export of POP-1. It is
possible that hTCF4 does not have an active nuclear export sequence,
and therefore does not require an additional nuclear retention
sequence. Alternatively, hTCF4 might have a sequence for nuclear
retention outside of region II. Studies with human TCF1 showed that
TCF1 in human cancer cells is predominantly cytoplasmic as a result of
active nuclear export by the exportin CRM1 (Najdi et al., 2009) (see
more in the next section).
Wnt/MAP kinase induced nuclear export
POP-1 region II contains the four serine and one threonine residues
that we showed previously to be targets of the LIT-1/WRM-1 kinase
complex (Lo et al., 2004). Phosphorylation of these residues is critical for
binding of POP-1 by the 14-3-3/PAR-5 protein and nuclear export.
Therefore, that this region of POP-1 is required to confer A–P asymmetry
upon hTCF4 is not unexpected. At present, however, it remains unclear
why regionVof POP-1 is also required to conferA–Pasymmetry tohTCF4.
It is possible that POP-1 region V forms part of a recognition domain for
123S.M. Robertson et al. / Developmental Biology 355 (2011) 115–123the LIT-1/WRM-1 kinase complex, or for the export machinery. Further
investigation is needed to distinguish these possibilities.
It is well established that TCF protein levels are critical for the
outcome of Wnt signaling. In ﬂies, the wingless mutant phenotype is
partially suppressed, or enhanced, by reduction or over-expression of
dTcf, respectively (Cavallo et al., 1998). In addition, it has been shown
in a number of systems that reducing the nuclear level of a
transcriptional regulator can result in target gene transcriptional
activation (Kim et al., 2003; Lipford et al., 2005; Muratani et al., 2005;
von der Lehr et al., 2003). However, the vast majority of studies into
Wnt signaling have focused on the regulation of β-catenin stability,
with not as much attention given to TCF nuclear levels. It was recently
shown that two TCF proteins, a dominant negative form, dnTCF1, and
TCF4, are expressed in human colon cells (Najdi et al., 2009). In colon
cancer cells, an autocrine-acting Wnt signal induces nuclear export of
dnTCF1, but not TCF4. A shift in the relative levels in the nucleus of
these two TCF proteins results in aberrant activation of Wnt target
genes, contributing to colon cancer (Najdi et al., 2009). Regulation of
nuclear TCF protein level as a means to modulate TCF transcriptional
activity and Wnt signal strength may be more wide-spread than is
currently appreciated, but has been difﬁcult to observe with great
precision due to the complex tissue morphologies involved (Phillips
and Kimble, 2009). For example, the induction of a second body axis in
Xenopus as an assay for Wnt activity relies upon the effect of Wnt
signal upon an entire ﬁeld of cells. It is possible that the observation in
the worm that reduced POP-1 levels are required for Wnt target gene
activation is due to the combination of the inherent spatiotemporal
precision controlling C. elegans embryonic development and the
determination of the worm's invariant cell lineage, which allows the
investigation of individual cells and their progeny as they receive a
Wnt signal. This allows for the repeated side-by-side comparison of
nuclear levels of POP-1 in Wnt signal-responsive and signal-non-
responsive sister cells. In particular, the unique circumstance of aWnt
signal at the 4-cell stage of embryogenesis, from one speciﬁc
blastomere to one of its direct neighbors, being required to generate
the sole clonal precursor for an entire tissue—the gut—is probably
unmatched in experimental developmental biology for precision and
simplicity of both the signal and the readout.
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